The structure and composition of coexisting bilayer phases separated in binary mixtures of dipalmitoylphosphatidylcholine and cholesterol and ternary mixtures of equimolar proportions of dipalmitoyl-and dioleoylphosphatidycholines containing different proportions of cholesterol have been characterized by synchrotron X-ray diffraction methods. The liquid-ordered phase is distinguished from gel and fluid phases by a disordering of the hydrocarbon chains intermediate between the two phases as judged from the wide-angle X-ray scattering profiles. Electron density distribution calculated in coexisting bilayer phases shows that liquid-ordered phase is enriched in dipalmitoylphosphatidylcholine and cholesterol and a higher electron density in the methylene chain region of the bilayer ascribed to the location of the sterol ring of cholesterol. The ratio of the two constituents in the liquid-ordered phase is not constant because the stoichiometry is temperature-dependent as seen by respective changes in bilayer thickness over the range 20°to 36°C where coexisting phases are observed. Three coexisting phases were deconvolved in the ternary mixture at 20°C. From an analysis of the ternary mixtures containing mole fractions of cholesterol from 0.09 to 0.15 it was found that the liquid-crystal and gel phases each contained about 10% of the cholesterol molecules and the liquid-ordered phase was comprised of 30% cholesterol molecules.
Introduction
Over the past decade there has been growing interest in lipid rafts since formulation of the raft model was proposed by Simons and Ikonen in 1997 and possible biological functions ascribed to these structures [1] [2] [3] [4] . Although the detailed structure and properties of rafts are still not completely clear, it is generally agreed that tight acyl chain packing is a key feature of raft lipid organization. The structure is designated as liquid-ordered phase (L o ), which is formed by the interaction between saturated-chain molecular species of sphingolipids and phosphatidycholines with cholesterol [5, 6] . The formation of such liquid-ordered phases results in phase separation and coexistence with liquid-crystal phase over a wide temperature range [7] . Quantitative analysis has suggested that the forces that govern the creation of liquid-ordered phase arise through the formation of stoichiometric complexes between cholesterol and the phospholipids [8] [9] [10] . For cholesterol-containing lipid mixtures, knowledge of the composition of the coexisting phases is necessary for a more detailed understanding of the properties and functions of "membrane rafts" [11] . However, determination of the composition of coexisting phases has proved to be a considerable challenge [12] . Although some studies have been undertaken using fluorescence probe techniques and electron paramagnetic resonance spectroscopy, a quantitative analysis of the composition of coexisting domains has yet to be fully resolved.
To understand the physical properties of biological membranes containing cholesterol-induced liquid-ordered phases, model systems of monolayer or giant unilamellar vesicles of binary and ternary mixtures of phospholipids and cholesterol have been investigated by various methods [13] [14] [15] . The liquid-ordered phase is conceptualized as a bilayer structure with properties intermediate between liquid-crystal (L α ) and gel phase (L β ) [16] . Molecules in this phase are extended and tightly packed, as in the gel phase, with the hydrocarbon chains being predominantly in an all-trans conformation [17] , but have a high degree of lateral mobility within the bilayer. It was shown that the lateral diffusion coefficient was typically 2-3 times slower in the liquid-ordered phase than in the L α phase but was notably faster than in the L β phase [18] . This unique feature has been explained in terms of an umbrella model [19] . There have been a number of structural studies of model bilayer lipid systems that are known to form L o phase in order to define the relative location of the component lipids and the dimensions of the phase. Electron density calculations have been made from X-ray scattering intensity data to show that the bilayer thickness of L o phase is intermediate between gel and fluid phase of the pure phospholipid component [20] . Furthermore, the electron density of the methylene chain region of sphingomyelin [21] and phosphatidylcholine [22, 23] bilayers is significantly greater in the presence of cholesterol. The role of liquid-ordered phases of phospholipids and cholesterol in cellular functions has been reviewed by Brown and London [24] .
Model membranes with three or more lipids have been used as a more reliable model of biological membranes compared with binary mixtures. Eukaryotic plasma membranes typically are comprised of about 50 mol% sphingolipids and phospholipids and up to 40 mol% cholesterol. Multibilayer structures composed of dipalmitoylphosphatidylcholine (DPPC), dioleoyl-phosphatidycholine (DOPC), and cholesterol are thought to form micro-domains that have similar characteristics to those of rafts isolated from cell plasma membrane [12] . In this study, a binary system consisting of DPPC/cholesterol was used to characterize the structure of L o phase and the ternary system consisting of 1:1:0.5 DPPC/DOPC/cholesterol was selected to characterize the structural features of the liquid-ordered (L o ) phase in fluid bilayer structures. Electron density profiles were constructed to distinguish salient features of the bilayer such as thickness and the dimensions of the intervening water layer. The partition ratios of cholesterol in coexisting phases have also been derived from the analysis of small-angle X-ray diffraction intensity peaks. Precise values of the widths of liquid-ordered and liquid-disordered phases and partition ratio of cholesterol should assist in understanding mechanisms of membrane component sorting by raft domains [25, 26] .
Materials and methods

Materials
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and cholesterol were purchased from Sigma Chemicals (St. Louis, MO, USA). They were used without further purification. The phospholipids and cholesterol dissolved in chloroform were mixed in the desired proportions, dried under a stream of oxygen-free dry nitrogen and any remaining traces of solvent removed by storage overnight in vacuo. The dried lipids were fully hydrated with Tris-HCl buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1 mM CaCl 2 , pH = 7.2) with the ratio of lipid:buffer, 1:4, by weight. The dispersions were vortex mixed during the freeze-thaw cycles between 20 and 70°C of which there were more than 10 cycles to ensure homogeneous dispersion. Mixtures of DPPC/cholesterol containing 0%, 17%, 33%, and 50% molar percentage of sterol were examined. In addition, samples consisting of equimolar proportions of DPPC and DOPC containing 0, 9, 10, 11, 12, 13, 14, 15 and 20 molar percentage of cholesterol were also examined. The uncertainties of cholesterol mole fraction are 0.3%. The thermotropic phase behaviour observed in mixtures showed characteristics consistent with full hydration e.g. the temperature of transitions from gel to fluid phases.
X-ray diffraction
Real-time synchrotron X-ray diffraction experiments for the binary samples of DPPC and cholesterol were performed at Station BL40B2 of Spring-8, Japan. The small-angle X-ray scattering (SAXS)/wide-angle X-ray scattering (WAXS) data were recorded on-line with image plates. The wavelength was 0.100 nm, beam dimensions of 0.2 mm vertical × 0.25 mm horizontal and with a sample to detector distance of 400 mm. A sample of silver behenate was used for spatial calibration. A Linkam thermal stage (Linkam, UK) was used to perform temperature scans at a rate of 1°/min. The overall time for collection of each image including exposure, data processing and dumping was 330 s. The X-ray diffraction data of samples containing equimolar proportions of DPPC and DOPC were recorded on Beamline 16.1 of the Daresbury Synchrotron Radiation Source (Warrington, UK). The lipid dispersions were sandwiched in a copper cell of 1 mm thickness between two mica windows which was mounted on the thermal stage. The wavelength was 0.141 nm, beam dimensions 0.2 mm vertical × 2.5 mm horizontal and with a sample to SAXS detector distance of 1.50 m. Data analysis was performed using either the Fit2D for image plates or the OTOKO program [27] for detection by quadrant (SAXS) and INEL (WAXS) delay-line electronic detectors. Lorentz geometric corrections were applied to the data collected at SPring-8 and Daresbury, this is considered in the calculation of structure amplitude. Polarization corrections can be reasonably neglected because the polarization factors are almost 1 in the range of small angle diffraction region. The diffraction intensities were evaluated by the integral of corresponding scattering intensity peaks. The analyses were performed using PeakFit (version 4, SPSS Inc) software to fit peaks to a Gaussian + Lorentzian distribution. The best fits were obtained using an iterative process to maximize the R 2 values and the uniqueness of the fits was checked by comparing the centres of all the deconvolved peaks for the individual diffraction orders; in all cases the sets of peaks conformed closely to diffraction orders of individual bilayer structures. In multicomponent mixtures the curve fitting procedure began by assuming a priori that the diffraction peaks consisted on a single component and the R 2 values were compared with fits of two or more components. By performing this analysis on all four orders of the lamellar repeats it could be demonstrated that where phase coexistence is observed the peak fit analysis was reliable.
Electron density calculation
To obtain estimates of bilayer thickness the distance between peaks of highest relative electron density, said to represent the phosphate residues on either side of the phospholipid bilayer (d pp ), and the thickness of the intervening water layer (d w ) between successive bilayers, the electron density profiles of the lamellar structures were calculated. The dimensions of the water layer (d w ) are obtained by subtracting d pp from the lamellar d-spacing. It is recognized that this does not represent the true volume of water in the unit cell because part of the lipid headgroup extends into this region [28] . Nevertheless, it is reasonable to assume that this lipid component of the electron density profile is similar for the different lipid mixtures so that differences in d w should reflect differences in hydration of the bilayers.
The relative electron densities were derived from the following equation [29, 30] :
where x is the distance from the center of the bilayer, d the lamellar repeat period, g(h) the phase for the hth order, and the summation is over diffraction orders h, F(h) is the structure amplitude. For the unoriented X-ray diffraction pattern the absolute value of the structure amplitude was set equal to {h
Four peaks of X-ray scattering intensity representing the first four-orders of a lamellar phase of each sample were used to calculate the Fourier reconstruction of electron intensity. The phase g(h) can only be 1 or − 1 by assuming a centrosymmetric structure in the multibilayer liposome structure. Electron density calculations were performed for all combinations of phase angles but the only combination fitting a centrosymmetric diffraction profile expected of a multibilayer structure was −, −, +, − for all the diffraction profiles examined. This phase combination has been reported consistently for the DPPC in the gel phase. Also, the results of the electron density profile of DPPC in gel phase (at 20°C) are in agreement with the published data [31] : the peak-to-peak distance between the electron dense region on either side of the bilayer (d pp , representing bilayer thickness) is 4.11 nm and water thickness represented by the distance between peaks of electron density in adjacent bilayers (d w ) is 2.20 nm. The definition of d w overestimates the space exclusively occupied by water because the lipid head groups extend 0.4-0.5 nm into this region so the true space is of the order of 0.8-1 nm less than the calculated value.
Differential scanning calorimetry (DSC)
Samples of lipid dispersions (20 μl) for the DSC experiments prepared in the same way as for X-ray studies were examined in a Mettler-Toledo DSC821 e differential scanning calorimeter using a temperature scan rate of 1°/min. Measurements were repeated at least three times to confirm reproducibility.
Results and discussion
Electron density profiles of DPPC/cholesterol mixtures
The effect of cholesterol on the structure and thermotropic phase properties of hydrated DPPC bilayers has been investigated by a number of biophysical methods [32] . Phase diagrams of the binary lipid system have been constructed from such studies [33, 34] . In order to get the electron density profiles of liquid-ordered phase formed in DPPC and cholesterol mixtures, small-angle (SAXS) and wide-angle (WAXS) scattering intensity patterns were recorded by synchrotron X-ray diffraction methods. Fig. 1 shows the representative X-ray diffraction patterns of pure DPPC and DPPC-cholesterol mixtures at 30°C. The diffraction pattern of pure DPPC is characteristic of a lamellar-gel (L β′ ) indexed by four orders of SAXS diffraction with a d-spacing of 6.43 nm and a sharp wideangle diffraction at a spacing of 0.42 nm, in agreement with previous results [35] . The lamellar d-spacing is increased in the presence of 17 mol% cholesterol but decreases with higher proportions of cholesterol up to 50 mol% the highest concentration examined. The effect of cholesterol on the WAXS peak is consistent with a reorientation of the hydrocarbon chains of the L β′ configuration and a progressive disordering of the chains which is proportional to the molar ratio of cholesterol in the mixture. When the molar ratio of cholesterol in DPPC is 17%, two lamellar phases coexist at 30°C [34, 36] . The two phases have been assigned to gel-and liquid-ordered phases, respectively. This can be seen as an asymmetry in the small-angle X-ray diffraction peaks and illustrated for the second-order reflection in the insert of Fig. 1 .
The X-ray scattering intensity per se does not provide information about the size of domains within these mixed dispersions. Where scattering peaks can be deconvolved into different components it may be inferred that there is coexistence of more than one structural repeat. From the higher order reflections we can say that these repeat structures are consistent with bilayers in the mixtures that have been examined in this study.
The effect of cholesterol on the bilayer structure of DPPC observed at 30°C was examined by calculation of electron density distributions through the unit cell and the results are presented in Fig. 2 . The peak-to-peak distance (d pp ) and water layer thickness (d w ) of pure DPPC bilayers are 4.24 nm and 2.19 nm, respectively, and are within the range of previously published values [37] [38] [39] . Using the deconvolved diffraction peaks [40] of the mixture containing 17 mol% cholesterol, electron density profiles of the two phases can be calculated separately. The d pp and d w of the liquid-ordered phase, shown in Fig. 2b , are 4.82 nm and 1.88 nm, respectively. The increase in d pp compared to that of pure DPPC could result from a decrease in the angle of tilt of the acyl chains with respect to the bilayer normal. If the chains of DPPC in the liquid-ordered phase are not tilted, the tilt angle of pure DPPC in the gel phase can be estimated as (180°× {cos − 1 (4.24/4.82)}/π = 28.4°). This value is in close agreement with values of chain tilt of DPPC in excess water at 30°C [39] . This means that the incorporation of cholesterol into DPPC gel phase leads to the reorientation of the hydrocarbon chains of DPPC so they become fully extended in a direction perpendicular to the bilayer normal in the liquidordered phase [41] . It was also noted that the bilayer thickness of the coexisting gel phase is greater than in pure DPPC bilayers inferring that chain tilt is reduced by the presence of domains of liquid-ordered phase.
Increasing proportions of cholesterol in DPPC bilayers up to 25 mol% reveal the existence of only one liquid-ordered phase [7, 34] . The d-spacing of the bilayer repeat increases in a cholesterol-dependent manner in this range of cholesterol content. When the cholesterol molar ratio reaches to 33% and 50%, the d-spacings of the liquid-ordered phase are 6.53 nm and 6.58 nm, and the wide-angle X-ray diffraction peaks are centered at 0.465 and 0.467 nm, respectively. Thus there is a cholesterol dependence of both SAXS and WAXS spacings in this range of cholesterol concentrations (see Fig. 1 ). The reduction in dspacing in mixtures containing 33 mol% and above is due to a decreasing bilayer thickness rather than d w indicating that the hydrocarbon chains of the phospholipid are not fully extended and are more disordered, consistent with the increase in the spacing of the WAXS peak. It is noteworthy that the peak-topeak distances of sphingomyelin (SM):cholesterol, 2:1 mol% mixture and detergent-resistant membrane fractions insoluble in 1% or 4% Triton X-100 from such mixtures were all 4.8 nm [42] .
It is argued that the detergent-resistant membrane fractions represent structures in liquid-ordered phase which are enriched in DPPC/cholesterol or SM/cholesterol [43] . It is, however, possible that bilayer thickness may be different for DPPC/ cholesterol compared with SM/cholesterol mixtures although both form liquid-ordered phase.
The effect of cholesterol on bilayers of DPPC:DOPC
With characterization of the structural parameters of L o phase formed by DPPC/cholesterol we next examined the conditions under which L o phase forms in the presence of a phospholipid that forms fluid bilayers at temperatures above 0°C. The mixture chosen for these experiments consisted of an equimolar mixture of DPPC/DOPC. An X-ray diffraction pattern recorded from fully hydrated dispersion of this mixture (0% mol cholesterol) at a temperature of 30°C is shown in Fig. 3 . It can be seen that the scattering pattern can be fitted on the basis of at least four-orders of reflection to two lamellar phases. The lamellar d-spacings of the phases are 5.25 and 6.11 nm, respectively. These d-spacings are significantly less than reported for dispersions of pure DOPC ( 6.32 nm) [44] and DPPC (6.40 nm) [39] , respectively. The result suggests that the arrangement of the phospholipids in the mixed lipid bilayer leads to either a reduction in bilayer thickness, a decrease in hydration of the multilamellar dispersion or a combination of both factors. The reflection in the WAXS region is relatively broad but with a spacing centred at 0.415 nm it may be assumed that at least one of the two phases is a gel phase. The presence of a broad scattering band centred at 0.46 nm expected for disordered hydrocarbon chains could not be resolved from the WAXS diffraction pattern. Nevertheless, the two coexisting phases can be reasonably assigned as liquid-crystal (L α ) and gel phase (L β ) [45] , similar to the phase separation behavior of 1:1 DOPC:SM mixtures [42] . An X-ray scattering intensity pattern recorded from a ternary mixture consisting of 1:1:0.5 mole ratio DPPC:DOPC: cholesterol (20 mol% cholesterol) shows a similar set of reflections as observed in the binary phospholipid mixture in the SAXS region and the structure can be assigned to two lamellar phases with d-spacings of 5.45 and 6.10 nm, respectively. The scattering pattern in the WAXS region, however, is different and consists of a broad scattering band centered at a spacing of 0.428 nm. This value is slightly larger than observed in the binary phospholipid and is consistent with a more disordered in-plane packing of the molecules within the bilayer. On this evidence and our understanding of the mixture in the absence of cholesterol, the two lamellar phases can be tentatively assigned as an L α phase and a liquid-ordered phase L o . Such an assignment agrees with the results of fluorescence microscopy which has demonstrated that in such mixtures two immiscible liquid-like phases are formed [46] [47] [48] .
To further characterise the differences between the two coexisting phases in the two dispersions, electron density For each profile the center of the bilayer is located at the origin, the low electron density trough in the center of the profile corresponds to the terminal methyl groups at the ends of the hydrocarbon chains, the medium density regions on either side of this trough correspond to the methylene chain regions of the bilayer, and the peaks of relatively high electron density near the edge of the profile correspond to the lipid head groups. This shows that the two L α phases assigned in each of the mixtures have almost identical electron density profiles with peak-to-peak distances of 4.04 nm but a slightly thicker water layer when cholesterol is present. It has been reported that this L α phase is enriched in the unsaturated phospholipid and the molecules have the same diffusion coefficient as those in pure DOPC bilayers [47] . The electron density profiles of the other two phases are also similar. Both phases have the same headgroup peak-to-peak distance of 4.52 nm and almost the same thickness of water layer of about 1.59 nm. The major difference between these two profiles is in the methylene chain region of the bilayer where there is relatively greater density in L o phase than in the corresponding region of L β, indicated by arrows in Fig. 4 . This characteristic feature can be explained by the presence of cholesterol in L o phase because the electron density of the sterol rings of cholesterol is greater than that of the phospholipid methylene chains [41] . However, in all other respects the electron density profile of L o is similar to that of L β . The phase separation behavior of 1:1:0.5 mole ratio mixtures of DPPC:DOPC:cholesterol has also been visualized by confocal fluorescence microscopy [47] . One domain, assigned as liquid-disordered phase (L α ), was typified by a relatively high diffusion coefficient and enriched in DOPC. The other, from which the probe DiI-C18 was excluded, had a lower diffusion coefficient and was said to be enriched in cholesterol and saturated DPPC. This resembles the properties of liquid-ordered phase [46, 48] and detergent-resistant fractions prepared from biological membranes [24, 49] and is thus assigned as a liquid ordered (L o ) phase.
The temperature dependence of L o electron density profiles
The temperature dependence of phase separation behaviour observed in the binary phospholipid mixture and the effect of cholesterol on these phase properties was examined over the temperature range 20°-60°C. Lamellar repeat spacings and intensities, represented as peak areas, of second-order X-ray scattering peaks of the 1:1 mole ratio mixture of DPPC: DOPC in the absence and presence of cholesterol determined during a heating scan from 20°C to 60°C are shown in Fig.  5A and B, respectively. It can be seen that the d-spacing of the gel phase in the DPPC:DOPC mixture remains almost constant with a value of 6.10 nm (open circle in Fig. 5A ) until it disappears at about 41°C. This temperature coincides with the gel to fluid phase transition temperature of pure DPPC, suggesting the L β phase consists predominantly of DPPC.
As noted above the X-ray scattering intensity data is not informative about the disposition of components of coexisting phases but the thermotropic behaviour of the mixtures can provide an indication of the extent of phase separation. The loss of the lamellar repeat assigned to DPPC at the phase transition temperature of the pure phospholipid indicates that the saturated phospholipid is largely phase separated from the liquid phase. Furthermore, it is also clear that the dispersion is fully hydrated.
In contrast to the peak assigned to L β phase, the d-spacing of L α phase decreases at a temperature greater than about 45°C from 5.27 nm to 5.10 nm at 60°C (solid circle in Fig. 5A ). Electron density profiles calculated at temperature intervals during the heating scan (data not shown) confirmed that the bilayer thicknesses were constant at about 4.52 nm for the L β phase and 4.04 nm for the L α phase throughout the temperature scan.
The thermotropic behaviour of the L β phase contrasts with that of L o phase formed when cholesterol is present in the phospholipid mixture. In L o phase the d-spacing decreases upon heating from 6.21 nm at 20°C to 5.90 nm at 38°C whereupon the phase can no longer be detected (open square in Fig. 7 . Deconvolved small-angle X-ray diffraction intensity peak obtained from an aqueous dispersion of an equimolar mixture of DPPC/DOPC containing 12 mol% cholesterol recorded at 20°C. Three peaks (B, C and A) can be deconvoluted centred at 7.1 nm, 6.9 nm and 6.5 nm, respectively. Table 2 Deconvolution results of SAXS peaks and the solutions obtained by the Excel Solver Note. x, overall mole ratio of cholesterol in sample; S A , S B and S C are the intergrated areas of the three phases; x c,α , x c,β , and x c,o are molar ratios of cholesterol in liquid crystal, gel and liquid ordered phase; p, q are relative to partition coefficients. Fig. 5A ). The transition temperature is in agreement with published data for L o phase formed by DPPC/cholesterol [48] . It is reasonable to believe that the X-ray scattering intensity, represented as peak area, approximates to the amount of the phase present in the mixture. Plots of the peak intensities as a function of temperature can therefore be used to assess the transition from one phase to another. These data are shown in (Fig. 6A) . All the d pp values were constant at 4.04 nm. Only small changes in bilayer thickness as a function of temperature have been observed in both small-angle neutron [50] and X-ray [44] scattering studies of hydrated phospholipids. Nevertheless, small thickness changes would be difficult to detect in the present study where the resolution is of the order of 1.5 nm. Fig. 6B shows the electron density profiles of L o phase at different temperatures before it is converted to L α phase. Over the temperature range 20°to 36°C the peak-to-peak distance and water layer thickness both decrease with increasing temperature, however, the water layer thickness decreases by a greater amount than the bilayer width, 0.2 nm vs. 0.12 nm. Table 1 presents a summary of d-spacings and peak to peak distances (d pp ) in 1:1:0.5 DPPC:DOPC:cholesterol and 1:1 DPPC:DOPC at designated temperatures as shown in Figs. 4, 6A and B. The temperature dependency of liquid-ordered phase has been earlier reported on the basis of solid-state NMR and X-ray diffraction studies [51] . The change in bilayer thickness may result from a change in proportion of phospholipid and cholesterol components constituting the L o phase and may reflect different partitioning preferences for various membrane lipids and proteins into liquid-ordered domains [52, 53] .
The partition ratios of cholesterol in different domains
A series of ternary mixtures consisting of equimolar proportions of DPPC/DOPC containing a range of cholesterol concentrations between 9 and 15 mol% were examined to determine the partition coefficient of cholesterol in the different phases that form in the system. Three coexisting phases were detected by X-ray diffraction methods in these mixtures at 20°C. To estimate the stoichiometry of the three phases, deconvolution of the small-angle X-ray diffraction peaks was undertaken using PeakFit software and fitting the peaks based on a Gaussian + Lorenzian model. An example of the results of such a deconvolution is presented in Fig. 7 , which shows that the second-order lamellar diffraction from a DPPC-DOPC dispersion containing 12 mol% cholesterol at 20°C, can be deconvolved into three peaks. These peaks (peaks B, C and A) represent three coexisting phases, which are designated gel phase (L β ), liquid-ordered phase (L o ) and liquid-crystal phase (L α ), respectively.
According to the Gibbs' phase rule, the degrees of freedom for this system under a given pressure and temperature is 0. This means that the stoichiometric composition of three phases is fixed and independent of cholesterol concentration. As the d-spacings of the diffraction peaks are similar over the range of cholesterol concentrations examined it is reasonable to assume that the integrated areas of peaks are proportional to the amount of respective phase with coefficients f 1 , f 2 and f 3 . The areas for the deconvoluted peaks in the mixtures examined after baseline correction are summarized in Table 2 .
The total number of molecules in liquid-crystal (L α ), gel (L β ) and liquid-ordered phase (L o ) can be ascribed as n 1 = S A ⁎ f 1 , n 2 = S B ⁎ f 2 and n 3 = S C ⁎ f 3 , respectively. Where S A , S B and S C are the intergrated areas of the three phases, f 1 , f 2 and f 3 are the coefficients. We can further assume that x c,α, x c,β , and x c,o are molar ratios of cholesterol in each phase. The overall mole ratio of cholesterol (x) in the sample can be expressed by the following equation [54] :
By further defining S B /S A = m, S C /S A = n, f 2 /f 1 = p, f 3 /f 1 = q Eq. (2) can be rearranged into the following form:
p, q, x c,α , x c,β , x c,o are unknown parameters in the equation, but they are all constants under the experimental conditions employed. Although the unknown parameters can be solved by five equations with different x values, it is likely that errors associated with sample preparation and determination of integrated peak areas may have a significant effect on the solutions obtained. The SOLVER add-in non-linear program in Microsoft Excel was used to optimize the solutions [55] . In order to get the relevant values, we let x À md pd ðx c;b À xÞ À nd qd ðx c;o À xÞ À x c;a ¼ y ð4Þ
The solutions should make this equation close to 0, which means y almost equals 0. This Eq. (4), therefore, is used as the objective function in the SOLVER program. The seven serial values of x, m and n, shown in Table 2 , are set as analysis variables, and the unknown parameters p, q, x c,α , x c,β , x c,o are the design variables. However, the starting values that we have chosen in the program are based on primitive solutions obtained from five equations. By setting the sum of the squares of each implicit equation's value y as 0 and no constriants, we obtain the optimized solutions for the equations after running the SOLVER program. The solutions are also presented in the Table 2 .
The obtained values of x c,α , x c,β , x c,o using this approach are 0.09, 0.10 and 0.29 , respectively. This suggests that the cholesterol molecules are almost equally distributed in liquidcrystal and gel-phase at 20°C. On the contrary, approximately 30% of the molecules in liquid-ordered phase are cholesterol. The phase diagram of DSPC-DOPC-cholesterol shows similar results for the partition ratio of cholesterol in liquid-crystal, gel and liquid-ordered phases when the three phases coexist, namely, 0.09, 0.15, and 0.25, respectively [56] . Compared to binary DPPC-cholesterol mixtures, the ratio of cholesterol in the coexisting gel, liquid-ordered and liquid-crystal phase is 0.07, 0.09 and 0.21, respectively, which can be obtained from the phase diagram [34] .
The liquid-ordered phase formed in mixtures of phosphatidycholines and cholesterol has been characterized by electron density profiles in the present study. The bilayer thickness deduced from the peak-to-peak distance in the glycerophospholipid mixture is about 4.50 nm; this is slightly smaller than L o phase formed in mixed aqueous dispersions of SM and cholesterol for which values of 4.80 nm have been reported [42] . In addition, two immiscible liquid phase separations can be distinguished in the ternary DPPC/DOPC/cholesterol system. One is liquid-ordered phase enriched in DPPC and cholesterol but without a fixed stoichiometry of the components. The major difference between this liquid-ordered and L β phases is the temperature-dependence of the d-spacing and the packing of the hydrocarbon chains are in a more disordered configuration than in L β phase. A higher electron density in the methylene chain region of the bilayer is ascribed to the location of the sterol ring system of cholesterol. The other phase is enriched in DOPC and has an almost identical electron density profile as that of pure DOPC. Based on the partition ratio of cholesterol in the coexisting gel, liquid-crystal and liquid-ordered phases calculated from the small-angle X-ray diffraction data it can be concluded that cholesterol is almost equally distributed in gel and liquid-crystal phases. The cholesterol molecules represent only 10% of the total molecules in these two phases, but they comprise 30% of the molecules in liquid-ordered phase.
